Background: The endochitinase ChiA74 is a soluble secreted enzyme produced by Bacillus thuringiensis that synergizes the entomotoxigenecity of Cry proteins that accumulate as intracellular crystalline inclusion during sporulation. The purpose of this study was to produce alkaline-soluble ChiA74Δsp inclusions in B. thuringiensis, and to determine its effect on Cry crystal production, sporulation and toxicity to an important agronomical insect, Manduca sexta. To this end we deleted the secretion signal peptide-coding sequence of chiA74 (i.e. chiA74Δsp) and expressed it under its native promoter (pEHchiA74Δsp) or strong chimeric sporulation-dependent cytA-p/STAB-SD promoter (pEBchiA74Δsp) in Escherichia coli, acrystalliferous B. thuringiensis (4Q7) and B. thuringiensis HD1. Results: Based on mRNA analyses, up to~9-fold increase in expression of chiA74Δsp was observed using the cytA-p/STAB-SD promoter. ChiA74Δsp (~70 kDa) formed intracellular inclusions that frequently accumulated at the poles of cells. ChiA74Δsp inclusions were dissolved in alkali and reducing conditions, similar to Cry crystals, and retained its activity in a wide range of pH (5 to 9), but showed a drastic reduction (~70%) at pH 10. Chitinase activity of E. coli-pEHchiA74Δsp was~150 mU/mL, and in E. coli-pEBchiA74Δsp, 250 mU/mL. 4Q7-pEBchiA74Δsp and 4Q7-pEHchiA74Δsp had activities of~127 mU/mL and~41 mU/mL, respectively. The endochitinase activity in HD1-pEBchiA74Δsp increased 42x when compared to parental HD1 strain. HD1-pEBchiA74Δsp and HD1 harbored typical bipyramidal Cry inclusions, but crystals in the recombinant were~30% smaller. Additionally, a 3x increase in the number of viable spores was observed in cultures of the recombinant strain when compared to HD1. Bioassays against first instar larvae of M. sexta with spore-crystals of HD1 or spore-crystal-ChiA74Δsp inclusions of HD1-pEB-chiA74Δsp showed LC 50 s of 67.30 ng/cm 2 and 41.45 ng/cm 2 , respectively.
Background
Bacillus thuringiensis, B. sphaericus, Paenibacillus popilliae, Clostridium bifermentans and Brevibacillus laterosporus are spore-forming bacteria that produce intracellular crystalline or non-crystalline inclusions, many of which are toxic to insect pests of agriculture and medically significant vectors of disease [1, 2] . In particular, parasporal bodies of B. thuringiensis subsp. kurstaki (HD1) and B. thuringiensis subsp. israelensis, toxic to lepidopteran and dipteran larvae, respectively, are among the most successful bioinsecticides used worldwide [3, 4] , and are composed of a plethora of Cry (crystal) or Cyt (cytolytic) proteins that are synthesized and occluded during sporulation [5] [6] [7] [8] . In addition to Cry and Cyt protoxins, B. thuringiesis also synthesizes a battery of soluble chitinolytic enzymes secreted during vegetative growth that hydrolyze environmental chitin substrates for use as carbon and nitrogen sources. Chitinases are generally produced at a markedly lower level than Cry and Cyt. As such, unlike Cry and Cyt, and perhaps disadvantageous to efficient commercial formulations, chitinases do not naturally accumulate as intracellular inclusions in bacterial cells [9] [10] [11] [12] [13] [14] .
From an applied perspective, chitinases could be a useful component of B. thuringiensis-based biopesticides as they could function to degrade chitin polymers present in the protective midgut peritrophic membrane of insect larvae. In fact, previous studies have demonstrated that the hydrolytic activity of chitinase synergizes the toxicological effects of Cry, presumably by enhancing binding of active toxin ligand to microvillar membrane receptors [11, [13] [14] [15] . Interestingly, it has been shown that when the chitinase gene of B. thuringiensis strain 4.0718 lacking its secretion signal peptide coding sequence was expressed under sporulation-dependent promoters, spherical intracellular inclusion accrued, and when these purified inclusions were mixed with Cry1Ac, an~1.5x increase in toxicity against Spodoptera exigua and Helicoverpa armigera was observed [11] . Similar studies using secreted soluble chitinases have also demonstrated that these enzymes enhance the toxicity of Cry1Ac. For example, the chitinase gene of Nicotiana tabacum expressed simultaneously with cry1Ac in an acrystalliferous strain of B. thuringiensis using the BtI-BtII promoters showed increases in chitinolytic activity (6x) and toxicity (18×) of the recombinant bacterium against Helicoverpa armigera Hubner [14] . These methods of expression of chitinase genes under sporulation-dependent promoters appear to be more robust compared to the synthesis of unstable chimeric protein composed of Chi255 and the C-terminal half (crystallization domain) of Cry1Ac [15] .
Recently, we have reported an unprecedented~300fold increase in synthesis of ChiA74, an endochitinase native to B. thuringiensis, in a recombinant strain of B. thuringiensis HD73 [16] when chiA74 was expressed under control of the strong chimeric promoters, cytA-p/ STAB-SD, developed by Park et al. (1998) [17] . In this study, we used the wildtype promoter of chiA74 or cytAp/STAB-SD to express chiA74 lacking the sequence coding for the secretion signal peptide (chiA74Δsp) in Escherichia coli, acrystalliferous B. thuringiensis subsp. israelensis strain 4Q7, and B. thuringiensis subsp. kurstaki HD1, a strain used successfully worldwide in agriculture as a biodegradable lepidopteran larvicide. Using this strategy, we were able to produce stable ChiA74Δsp inclusions in E. coli, and also, for the first time, intracellular ChiA74Δsp inclusion together with Cry crystals and spores in B. thuringiensis subsp. kurstaki HD1. We demonstrate the utility of the recombinant HD1 strain against larvae Manduca sexta. Our results lay a foundation for similar engineering of other commercial strains of B. thuringiensis.
Results

ChiA74Δsp accumulates as inclusion bodies in Escherichia coli
When E. coli was transformed with the constructs lacking the secretion peptide signal sequence coding for amino acids 1-34, i.e. pEHchiA74Δsp (native promoter) and pEB-chiA74Δsp (sporulation-dependent cytA-p/STAB-SD promoter) ( Figure 1A) , recombinant E. coli-pEHchiA74Δsp and E. coli-pEBchiA74Δsp showed activities of 150 and 250 mU/mL, respectively; no activity was observed in the control E. coli strain ( Figure 1B , panel 2). In in situ assays using the 4-MU-(GlcNAc) 3 substrate with proteins fractionated by SDS-PAGE, ChiA74Δsp was detected by zymograms as a protein of~70 kDa produced by both recombinant strains ( Figure 1B , panel 1), but not in the control strains. To visualize the location of the chitinase in E. coli, ChiA74Δsp was fused to the green fluorescent protein (ChiA74Δsp-GFP). Fluorescence was observed within the cytoplasm of the cell, confirming the cytoplasmic location of ChiA74Δsp, the fluorescent chimera frequently accumulated as inclusion bodies at the poles of the cells, as revealed by microscopy ( Figure 2B , panels 1, 3, 5). A similar phenomenon has been observed in aging cultures of E. coli expressing other heterologous proteins lacking their native secretion signal peptide sequence [18] .
ChiA74Δsp accumulates as intracellular inclusions in acrystalliferous Bacillus thuringiensis 4Q7
When pEHchiA74Δsp and pEBchiA74Δsp were introduced in 4Q7, the recombinant bacterium produced inclusion bodies in the cytoplasm, readily detected by phase contrast and fluorescence microscopy ( Figure 1C ; Figure 2B , panels 2, 4). Interestingly, small inclusion bodies dispersed along the cytoplasm appeared to be concentrated at the cell pole before lysis, and were chitin-derived fluorogenic substrate, data normalized with the residual activity in 4Q7 showed that 4Q7-pEB-chiA74Δsp had an activity of~127 mU/mL, whereas 4Q7-pEHchiA74Δsp had and activity of~41 mU/mL. ( Figure 1D , panel 2). The higher production of ChiA74Δsp in 4Q7-pEBchiA74Δsp could be attributed to the endochitinase gene expressed using the strong cytA-p/STAB promoter as quantitative PCR showed the relative amount of chiA74Δsp-specific mRNA increased by~9-, 5-, 3-and 2fold when compared to expression with the native promoter at 6, 8, 12 and 24 h, respectively. We note that the highest mRNA chiA74Δsp expression was observed at 12 h ( Figure 3 ). In addition, ChiA74Δsp was detected by zymograms in both recombinant strains as a protein of~70 kDa. Under the time of UV exposure, we did not observe a fluorescence signal produced by native 4Q7 chitinases ( Figure 1D , panel 1).
ChiA74Δsp forms stable inclusions in HD1
The initial studies in E. coli and 4Q7 demonstrated that ChiA74Δsp could be stably produced as intracellular inclusions in these bacteria. To further our studies, we transformed HD1 with pEBchiA74Δsp and confirmed the fidelity of the recombinant by PCR using specific oligonucleotides (Table 1) to detect the erythromycin resistance gene (~1 kb) and the endochitinase gene under control of the cytA-p/STAB-SD system (~3 kb); both genes were not detected in wildtype HD1 or pBluescript KS(+) (Stratagene) which were used as negative controls ( Figure 4F ). When HD1-pEBchiA74Δsp was observed by phase contrast microscopy, ChiA74Δsp inclusion bodies, most commonly occurring at the sporangium pole, could be easily distinguished from the native bipyramidal crystals and endospores ( Figure 4A ,B,C). Fluorescence microscopy of ChiA74Δsp-GFP confirmed the intracellular location of the inclusion (Figure 4D ,E).
The effect of ChiA74Δsp synthesis on Cry crystal size in HD1-pEBchiA74Δsp was also determined. A reduction by~33% in area of the Cry crystalline inclusion was observed in the recombinant producing ChiA74Δsp when compared to crystals produced by wildtype HD1 ( Table 2 ). Although the area (two-dimensional surface) determination is not suggestive of volume (three-dimensional space) to determine the yield of Cry proteins, the decrease in the crystal area correlated well with the reduction in the relative amount of Cry1 (~133 kDa)/Cry2Aa (~65 kDa) proteins detected by SDS-PAGE ( Figure 4G ). In addition, a band corresponding to endochitinase ChiA74Δsp (~70 kDa), and other smaller bands which could correspond to endochitinase degradation, were observed in the recombinant but not in HD1, as confirmed by zymogram analyses ( Figure 4H ). The chitinase activity was markedly increased (~42-fold) in HD1-pEBchiA74Δsp when compared with HD1, respectively,~127 mU/mL and 3 mU/mL ( Table 2) . Moreover, we determined the activity of the recombinant chitinase in a range of pH typically observed in lepidopteran larval midgut (~pH 8-11). The enzyme retained its activity at a range from pH 5 to 9, but it was reduced drastically to~70% at pH 10 ( Figure 5 ). We also note that at the same period of growth (72 h) in nutrient broth, the viable spore count for the recombinant was~3-fold greater when compared with HD1 ( Table 2) .
Bioassays
Spore-Cry crystal mixtures of HD-1 and spore-Cry crystal-ChiA74Δsp inclusion mixtures of HD1-pEB-chiA74Δsp were assayed against first instar larvae of the tobacco hornworm (Manduca sexta). The LC 50 for HD1 was 67.30 ng/cm 2 diet and 41.45 ng/cm 2 diet for HD1-pEBchiA74Δsp, representing an apparent 1.6x enhancement in toxicity of the recombinant strain. However, we did not detect a significant difference in the LC 50 s as there was an overlap between the upper fiducial limit of the recombinant strain's LC 50 and the lower fiducial limit of the wildtype LC 50 . A difference of 25.84 ng/cm 2 diet between both LC 50s , only showed that the recombinant strain required lower concentration than the wildtype to kill 50% of the larvae (Table 3 ). In addition, no toxicity was observed (0% mortality) against M. sexta using spores-ChiA74Δsp inclusion mixtures synthesized in 4Q7 (data not shown).
Discussion
The use of bacterial chitinases could be of significance in Bacillus thuringiensis-based biocontrol efforts because they synergize insecticidal Cry proteins produced by strains of this species [19] [20] [21] [22] [23] . Although increases in synthesis of extracellular chitinases in B. thuringiensis has been accomplished using various expression systems, the practical problem regarding the likely instability of potential mixtures of spore-crystal-soluble chitinase formulations remains to be resolved [9, 16] . Ideally, the production of physically stable, but biochemically (alkaline) labile, inclusions of chitinase and Cry crystals in the same cell could alleviate this concern. Hu et al. [11] successfully produced chitinase lacking its secretion signal peptide sequence as inclusions in an acrystalliferous B. thuringiensis strain. However, the concern was not resolved as chitinase inclusions and Cry crystals were synthesized in different bacterial strains of which preparations must be mixed for bioassays, or for prospective commercial formulations. In addition, their work as designed could not address the effect of chitinase synthesis on Cry crystal production and viable spore count of recombinant B. thuringiensis, two factors that must be optimized for potential applied and commercial consideration.
In the present study, we demonstrated that by deleting the secretion signal peptide sequence of ChiA74 (ChiA74Δsp), stable occluded ChiA74Δsp could be produced in different bacteria. First, we transformed E. coli with the constructs to produce sufficient recombinant plasmid DNA to transform B. thuringiensis. To our surprise we observed the formation of small inclusion bodies at the poles of E. coli and demonstrated they were composed of ChiA74Δsp. To our knowledge it is the first report that chitinase inclusion bodies can be produced in E. coli. We note that the synthesis of ChiA74Δsp as stable inclusions in E. coli could have biotechnological value, as it could be mass-produced and easily purified using an organism "generally recognized as safe" (e.g. E. coli K12) for applied used, such as for generating chitin-derived oligosaccharides with pharmaceutical and/or food preservation properties [10] .
Our major objective in this work was to produce, for first time, ChiA74Δsp inclusions together with insecticidal crystals and spores in the same cell, study its cellular effect and determine the recombinant's toxicity to an important agronomical insect such as M. sexta larvae. We observed the formation of ChiA74Δsp inclusions in the acrystalliferous B. thuringiensis 4Q7, and like in E. coli, they accumulated at the poles. Increased chitinase synthesis was observed when the endochitinase gene was expressed using the strong cytA-p/STAB promoter system developed by Park et al. (1998) (17) , compared to regulation by its native promoter, and most likely was a result of increased chiA74Δsp mRNAs, as demonstrated by qPCR. Interestingly, when we transformed the crystalliferous strain B. thuringiensis HD1 with the endochitinase gene chiA74Δsp regulated by cytA-p/STAB, we observed two important changes in the recombinant strain: (i) a reduction in the crystal size (i.e. less Cry production) and (ii) a 3-fold increase in the number of viable spores. With regards to crystals, we observed an~33% decrease in the Cry crystals area ( Figure 4A ,B,C; Table 2 ) similar to previous reports [9, 16] , which correlated well with a decrease in Cry protein synthesis as detected by SDS-PAGE ( Figure 4G ). The increase in spore count was not expected based on results of a previous study where the opposite occurred following expression of heterologous chitinase (secreted) in B. thuringiensis [16] . Although we do not have supporting experimental evidence, it is possible that the synthesis of two kind of proteins, Cry and ChiA74, whose gene expression is controlled by two strong sporulation-dependent promoters (BtI-BtII, cyt-p/STAB) incur a more rapid depletion of nutrients thereby inducing sporulation. For example, it is known that the activation of Spo0A, a master regulator for entry into sporulation in B. subtilis, is induced in response to nutrient limitation [24, 25] . As suggested previously, the advantage of producing ChiA74Δsp inclusions in HD1 allow the direct use of spore-Cry crystals-ChiA74Δsp mixtures from a single source in bioassays, rather than mixing preparations from different strains as reported previously [11] . We were successful in engineering a recombinant HD1 strain producing ChiA74Δsp inclusions during sporulation that had a 42-fold increase in chitinase activity. Despite the marked increase in chitinase activity, only an apparent 1.6-fold increase in toxicity was observed against M. sexta first instar larvae. Similar results (1.5-fold increase) have been observed with mixtures of different recombinant strains producing chitinase inclusions and Cry1Ac against S. exigua and H. armigera [11] . It is likely that the decrease in Cry crystal synthesis in the recombinant strain lowered the expectations of several-fold increases in insecticidal activity of the recombinant. In addition, and probably of more significance, is the marked decrease (~70%) in enzymatic activity of preparations of ChiA74Δsp inclusions solubilized at pH 10 ( Figure 5 ). It is worth noting that lepidopteran midguts normally show pH gradients from anterior to posterior, and from the lumen to epithelial microvilli. The midgut of M. sexta larva ranges in pH from~10-11 [26] . Although it is evident that the lower LC 50 of the recombinant strain is a consequence of an increase chitinase production with the compensating decrease in Cry crystal proteins, our results suggest that more "balanced" expression of both cry and chiA74Δsp could result in optimal production of these proteins conducive to an efficacious biopesticide.
In summary, we have produced ChiA74Δsp inclusion in HD1 and the recombinant showed an apparent increased activity against first instar M. sexta larvae. Our future studies include producing ChiA74Δsp inclusions in other lepidopteran-, coleopteran-and dipteran-specific strains of B. thuringiensis for bioassays against a wide variety of insect larvae. Finally, we are also in the process of using molecular strategies to modify expression of ChiA74Δsp, while at the same time maximizing the production of endogenous Cry proteins to develop highly efficacious strains of B. thuringiensis for applied use.
Conclusions
Inclusions of ChiA74Δsp can be produced in E. coli and B. thuringiensis strains. We show for the first time, the ability to synthesize ChiA74Δsp inclusions, insecticidal Cry crystals and spores in the same sporangium. We observed that the production of ChiA74Δsp inclusions affect the crystal size and sporulation in B. thuringiensis subsp. kurstaki HD1. The data reported in this study lay a foundation for developing strategies to modify expression of chiA74Δsp while maximizing the production of Cry proteins.
Material and methods
Bacterial strains and plasmids
Plasmids pEHchiA74 and pEBchiA74 harbor the chiA74 under the control of, respectively, the wild promoter (wp) and the 660-bp strong chimeric sporulation-dependent pcytA-p/STAB-SD promoter developed by Park et al. (1998) [17] . The wildtype Shine-Dalgarno (wSD) and transcription terminator (chiA74tt) sequences were retained in all constructs [9, 16] . These plasmids (pEHchiA74 and pEBchiA74) were used for deleting the signal peptideencoding sequence of ChiA74 to obtain ChiA74Δsp Values are shown in nanograms per cm 2 of spore-crystal mixture or sporecrystal-ChiA74Δsp inclusion bodies mixture for HD1 and HD1-pEBchiA74Δsp, respectively, and represent 5-days mortality as determined by Probit analysis. Fiducial limits are indicated in parenthesis.
(see below). All constructs ( Figure 1A) were propagated in E. coli DH5α [supE44, DlacU169 (F80lacZDM15) hsdR17 recA1 end A1 gyrA96 thi-1 relA1] (Invitrogen, Carlsbad CA, USA) and then used for transforming the acrystalliferous strain of B. thuringiensis subsp. israelensis 4Q7, (hereafter 4Q7), and B. thuringiensis subsp. kurstaki HD1 (hereafter HD1) (Bacillus Genetic Stock Center, Columbus, OH). Plasmid pGLO is a vector that harbors the green fluorescent protein (gfp) gene under the control arabinose (araC) promoter and contains an ampicillin (bla) resistance gene marker (Bio-Rad, Hercules CA, USA). The shuttle vectors used to transform the different constructs in B. thuringiensis were the pHT3101 and the pSTAB, a pHT3101-derived vector containing cyt1A-p/ STAB-SD (17), both harbor erythromycin and ampicillin resistance gene markers [27] .
Construction of recombinant plasmids
ChiA74 without the signal peptide sequence under control of the wildtype promoter (chiA74Δsp-wp) or the cyt1A-p/ STAB-SD system (chiA74Δsp-cyt1A-p/STAB-SD)
Recombinant plasmid pEHchiA74 and pEBchiA74 harboring the chiA74 under the control of the wild promoter and the pcytA-p/STAB-SD, were used as templates, respectively. Two primers (chiA74-13 F and chiA74-12R) were designed to amplify chiA74 without the signal peptide-encoding sequence (i.e., codons 1-34 deleted). ChiA74-13 F contains an artificial SacII site at the 5′ end, an artificial ATG translation initiation codon in frame with the remaining sequence of chiA74 (starting with the codon for Ser-35). ChiA74-12 F contains an artificial SacI site in the 5′ of the lower strand and was used to amplify chiA74 ( Figure 1A , Table 1 ). PCR amplification was performed with the Phusion High-Fidelity DNA Polymerase (Finnzymes, Finland) in a C1000 Touch Thermal Cycler (Bio-Rad, Hercules, CA, USA). Amplicons were purified using the QIAquick gel extraction kit (Qiagen, Valencia, CA, USA), treated with T4 polynucleotide kinase (New England BioLabs, Beverly, MA) and then ligated with T4 DNA ligase (New England BioLabs, Beverly, MA). Deletion of the signal peptide-encoding sequence was confirmed by PCR and nucleotide sequencing of the recombinant plasmids. Recombinant plasmids harboring the chiA74Δsp-wp or the chiA74Δsp-cyt1A-p/STAB-SD were designated as pEHchiA74Δsp and pEBchiA74Δsp, respectively.
chiA74Δsp-GFP fusion
The open reading frame coding for the green fluorescent protein (gfp) was amplified from the pGLO vector using the gfp-1 and gfp-3 primers (see list of primers in Table 1 ). PCR amplification was performed with the Phusion High-Fidelity DNA Polymerase (Finnzymes, Finland). In addition, chiA74Δsp, lacking the stop codon, under the control of the wild or cytA-p promoters was amplified from pEHchiA74Δsp and pEBchiA74Δsp, respectively, using the primers chiA74-C (forward) and chiA74-B (reverse). Then the amplicons pEHchiA74Δsp, pEBchiA74Δsp and gfp were digested with BglII, ligated and then used to transform E. coli DH5α to obtain the chimeric constructs pEHchiA74Δsp-gfp and pEBchiA74Δsp-gfp ( Figure 2A1 ). The fidelity of constructs was confirmed by restriction enzyme and PCR analyses using specific primers ( Figure 2A2 ).
Transformation
Recombinant plasmids were introduced into E. coli DH5α using an E. coli pulser (BioRad) set at 2.5 kV, 200 Ω and 25 μF and transformants were selected on Luria-Bertani (LB) medium with ampicillin (100 μg mL -1 ) (10). 4Q7 and HD1 competent cells were prepared as described previously [28] . Approximately 3 μg of the recombinant plasmids were mixed with 300 μl of competent cell suspension, held on ice for 10 min followed by electroporation using a BTX ECM630 electro cell manipulator (San Diego CA, USA) set at 2.3 kV, 475 Ω and 25 μF. After the pulse, the suspension was added to 3 ml of brain heart infusion (BHI) (Bioxon México) and incubated with gentle shaking for 1 h at 37°C. Transformants were selected on BHI supplemented with 25 μg mL -1 of erythromycin.
Phase contrast and fluorescence microscopy E. coli, 4Q7 and HD1 were cultivated in LB or nutrient broth at 37°C or 28°C (200 rpm), respectively. Samples were taken at different times and monitored by phase contrast and fluorescence microscopy. Data were obtained using an Axio Imager A.1 Zeiss microscope with the filter set at 09, an excitation of 450-490 nm, and an emission of 515 nm. Crystal area was estimated using the AxioVision LE program (Carl Zeiss Microscopy, Göttingen Germany).
Evaluation of the chitinase activity
To determine the level of endochitinase activity in preparations of E. coli-pEHchiA74Δsp, E. coli-pEBchiA74Δsp and 4Q7-pEBchiA74Δsp, 4Q7-pEBchiA74Δsp, bacteria were cultivated in LB with ampicillin (100 μg/ml) at 37°C, 200 rpm, or in nutrient broth with erythromycin (25 μg/ml) at 28°C, 200 rpm [16] , respectively. Controls (E. coli and 4Q7) were grown without antibiotics. Cultures were centrifuged, washed three times with distilled water and resuspended in 100 mM phosphate buffer (pH 7.0). Cells were sonicated three times, 15 s each, at an amplitude of 40 Hz in a 20 kHz ultrasonic processor (Sonics and Materials, Inc). Samples were centrifuged and the pellets mixed with solubilization buffer (30 mM Na 2 CO 3 , 0.2% β-ME, 1 mM phenylmethylsulfonyl fluoride, pH 10-11 [11] . Suspensions were incubated at 37°C with gentle agitation for 40 min, centrifuged, and supernatants were assayed with the fluorogenic substrate 4-MU-(GlcNAc) 3 at pH 6.8, in a Glomax Multi Jr. Detection System (Promega, Sunnyvale CA, USA), as previously described [29] . To determine chitinase activity of HD1 and HD1-pEBchiA74Δsp, bacteria were growth in 75 mL nutrient broth with or without erythromycin, respectively, and incubated at 28°C, 200 rpm to autolysis (~72 hr). To compare activity of the recombinant versus wildtype strain, 1 mL of each culture was centrifuged and the pellets were washed three times with distilled water and then resuspended in 150 μL of solubilization buffer. Samples were incubated at 37°C with gentle agitation for 40 min, centrifuged, and supernatants were assayed with the fluorogenic substrate 4-MU-(GlcNAc) 3 at pH 6.8. In addition, activity at different pH of the alkaline-solubilized recombinant chitinase was determined. Approximately 74 mL of the remaining culture was centrifuged, washed with distilled water and resuspended in 5 mL of solubilization buffer. The enzymatic activity of concentrated ChiA74Δsp at a pH range of 4-10 was evaluated with the tetrameric fluorogenic derivative using a reaction buffer containing sodium acetate, MES [2 (N-morpholino) ethane sulfonic acid], NaH 2 PO 4 , Trizma base [Tris(hydroxymethyl) aminomethane] and glycine, with a final concentration of 15 mM for each component. In addition, dissolved ChiA74Δsp samples were fractionated in a 12% polyacrylamide gel by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Afterwards proteins were renatured by removing SDS and 2-mercaptoethanol with casein-EDTA wash buffer (1% casein, 2 mM EDTA, 40 mM Tris-HCl, pH 9). Detection of chitinase activity was determined using 4-MU-(GlcNAc) 3 , as previously described [29] .
Effect on viable spores count
Bacteria were growth in nutrient broth for 3 days at 28°C, 200 rpm. Then 100 μL of autolysed cultures were incubated at 60°C for 20 min to destroy remaining vegetative cells [16] . After serial dilution (10 -5 -10 -6 ), suspensions were plated on nutrient agar with or without erythromycin and incubated at 28°C for 24 h to determine the number of viable spores. Data were analyzed with the ANOVA program (StatSoft Inc.).
Quantitative PCR (qPCR)
Total mRNA was obtained from 4Q7-pEHchiA74Δspgfp and 4Q7-pEBchiA74Δsp-gfp. One mL of each bacterial culture was harvested periodically from 2 h to 96 h, centrifuged and cells were resuspended in 1 mL of Trizol (Invitrogen, Carlsbad CA, USA). Samples were sonicated 15 s in an ultrasonic processor (Sonics and Materials, Inc), and RNA extraction was performed according to manufacturer's protocol (Invitrogen, Carlsbad CA, USA). Total RNA was resuspended in 30 μL of double distilled water and DNA contamination was eliminated using DNAse I (Jena Bioscience, Jena Germany). Then 1 μg of total RNA was used to synthesize cDNA using the iScript cDNA synthesis kit according to the manufacturer's instruction (Bio-Rad, Hercules CA, USA). For quantitative PCR, specific primers were used to amplify the erythromycin and green fluorescent protein gene (gfp). The erythromycin gene was used as internal control to normalize the RNA. As the chitinase gene in 4Q7 is amplified with the specific primer of chiA74Δsp (data not shown), the gfp was employed to determine the relative amount of chiA74Δsp mRNA in the recombinant bacteria because this gene was fused to the chiA74Δsp. Quantitative PCR was carried out in the CFX connect Real time system (Bio-Rad, Hercules CA, USA). Reaction mixture contained 5 μL of SyBR green master mix, 0.4 mM of each primer and 40 μg/mL of total transcribed RNA. Thermal cycling conditions were: 95°C for 5 min, followed by 40 cycles of 95°C for 30 s and 55°C for 60 s. This was followed by a melting curve program of 65 to 95°C with a heating rate of 0.5°C per second. Data were analyzed by relative quantification using the ΔC T method (Bio-Rad, Hercules CA, USA).
Bioassays
Manduca sexta (Lepidotpera: Sphingidae) colonies were maintained on artificial diet [30] under laboratory conditions at 28 ± 2°C and 70 ± 10% relative humidity, under a 16:8 (light:dark) photoperiod. Strains were cultured in nutrient broth at 28°C, 200 rpm. Then sporulated and autolyzed cultures were centrifuged and supernatants were discarded to eliminate secreted molecules such as protease, endogenous chitinases and putative Vip proteins. Pellets (spore-Cry crystal mixtures of HD-1 and spore-Cry crystal-ChiA74Δsp inclusion mixtures of HD1-pEBchiA74Δsp) were washed three times with distilled water, lyophilized and powders were used for bioassays. Six different preparations of HD1 and HD1-pEBchiA74Δsp, and a tap water negative control, were assayed in triplicate. A constant volume of the sample dilution (250 μl) was applied onto the surface of diet contained in Petri dishes (area 60 cm 2 ). Ten first instar larvae were added to each Petri dish and mortality was recorded after five days of incubation under laboratory conditions. The mean concentration at which 50% (LC 50 ) of the larvae died was estimated by Probit analysis [31] . Universidad de Guanajuato and Jorge E. Ibarra, Javier Luévano-Borroel from CINVESTAV México, for their technical support during this study.
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